The durability and heavy metal leaching behavior of red mud-class F fly ash based 26 geopolymers (RFFG) were investigated in this study. RFFG specimens were soaked in 27 sulfuric acid solutions (pH = 3.0) and deionized water (pH = 7.0) for 1-120 days, and 28 then their remaining mechanical properties and the change in the microstructures were 29 characterized with unconfined compression tests, three-point bending tests, scanning 30 electron microscopy, X-ray diffractometer and Fourier transform infrared spectroscopy, 31
were mixed in a mass ratio of 4:1 to synthesize geopolymers. The soil-like RM was first 162 dried in an oven at 100°C to remove the remaining moisture, and then ground with a 163 kitchen mill until all the particles passed a No. 100 mesh (i.e., the opening size of 152µm) 164 to facilitate the geopolymerization. The particle size distribution curves of RM and FFA 165 are shown in Figure 1 , with their median particle sizes being 1.9μm and 16.0μm 166 respectively, and their chemical compositions are summarized in Table 1 . The major 167 chemical constituents in RM are SiO2, Al2O3, Fe2O3 and CaO, and in FFA are SiO2 and 168 Al2O3. A 50 wt.% sodium hydroxide solution from Fisher Science Inc. USA, 2M sodium 169 trisilicate solution and deionized water were mixed at a proportion of 3:7:3 to prepare the 170 activator solution. The 2M sodium trisilicate solution was prepared by dissolving sodium 171 trisilicate pellets from Sigma Aldrich Inc. USA in deionized water. A sulfuric acid 172 solution of pH 3.0 was prepared by diluting 17.8 M sulfuric acid with deionized water to 173 soak the RFFG samples in durability tests and leaching tests. Deionized water of pH 7.0 174 was used as another soaking solution to investigate the influence of pH value on the 175 leaching behavior of heavy metals in RFFG samples. OPC samples were also prepared 176 with type II cement, whose chemical composition is given in Table 1 , as a control group 177 to provide reference mechanical properties and sulfuric acid resistance. 178 179
Geopolymer Sample Preparation 180
Based on the authors' previous study, RFFG samples were synthesized at Si/Al 181 and Na/Al molar ratios of 2.0 and 0.6, respectively, for achieving good mechanical 182
properties [14] . Si/Al and Na/Al molar ratios were calculated with the contents of Si, Al 183 and Na in the activator solutions and the solid raw materials. Two groups of RFFG 184 samples were prepared using two types of molds for mechanical properties and durability 185 testing: a cylindrical mold with an inner diameter of 40.0mm and a height of 100.0mm 186 for unconfined compressive strength (UCS) tests and a rectangular mold with dimensions 187 100.0mm(L)×25.4mm(W)×17.7mm(H) for three-point bending tests. RM and FFA were 188 mixed with the alkali activator solution for 30 minutes, casted into the molds, vibrated for 189 5 minutes to remove the air bubbles introduced during the mixing and cured at room 190 temperature (~23°C) and at a relative humidity of 40%-50% for 28 days. The control 191 OPC cylindrical samples were prepared at a cement/water ratio of 0.35 and cured at room 192 temperature at 100% relative humidity for 28 days. For leaching tests, small cylindrical 193 samples with a diameter of 25.4mm and a height of 63.5mm were prepared. These 194 samples were prepared in the same way as the durability testing counterparts, and cured 195 at room temperature and at 80°C to investigate the effect of curing temperature on the 196 leaching behavior of heavy metals in the sulfuric acid. For the samples cured at 80°C, 197 they were sealed in plastic bags immediately after vibration and put in an oven at 80°C 198 for one day, and then cured at room temperature with a RH of 40%-50% for another 27 199 days. In addition, powder samples with a particle size less than 45 μm were prepared by 200 grinding the cured cylindrical samples for leaching tests to examine the influence of 201 sample size on the leaching behavior of heavy metals. 202 11 203
Sulfuric Acid Exposure 204
For the durability test, the RFFG samples were soaked in a sulfuric acid solution 205 (pH=3.0) and deionized water (pH=7.0) at a solid/liquid volumetric ratio of 1/4 for 1, 7, 206 28, 56, 90 and 120 days before testing their mechanical properties. The OPC control 207 samples were soaked in the same solutions for 1 and 7 days as short-term exposure and 208 120 days as long-term exposure. A pH meter was used to monitor pH values of the 209 soaking leachate during the course of soaking. The soaking solutions were refreshed 210 every day in the first 3 days of soaking when their pH value increased quickly, and every 211 7 days from the 7 th day to the end of the soaking. The dimensions and weight of the 212 soaked samples were measured to monitor their physical change during acid exposure 213 when the solutions were refreshed. The solution on the surface of the soaked samples was 214 wiped out with paper towels before the testing. Three replicates were used for each 215 soaking period. 216 217
Mechanical Property Testing, SEM, FTIR, and XRD 218
Unconfined compression tests were conducted on the cylindrical samples 219 (40.0mm×100.0mm) after soaking for various time periods using an Instron loading 220 frame at a constant loading rate of 0.5 in./min for determining their UCS, failure strain 221 and Young's modulus. The top surface of the samples was covered with a piece of 222 cardboard to reduce the end effect on the testing results. The flexural strength of 223 prismatic RFFG samples was measured using a three-point bending test according to the 224 ASTM C78 [50] . 225
12
The microstructures of the geopolymer samples were examined with a JEOL 226 JSM-7000F field emission SEM in secondary electron mode. After unconfined 227 compression tests, small pieces of the crushed geopolymer samples were selected for the 228 SEM test. The external surfaces of the cylindrical samples, which were exposed to air and 229 might be carbonated, were avoided for microstructure evaluation [51] . 230 FTIR and XRD experiments were conducted on the RFFG samples after being 231 soaked in sulfuric acids and deionized water to investigate changes in their chemical 232 bonds and mineralogy. Chunks of the samples after the mechanical property tests were 233 ground to powder with an agate mortar and pestle until particle sizes were less than 45µm. 234
The FTIR spectra were obtained with a BrukerOptics Vetex70 FTIR spectrometer using 235 transmittance mode in the range of 500-1600 cm -1 at a resolution of 2.0 cm -1 . The powder 236 samples were scanned with a Rigaku Geigerflex X-ray powder diffractometer using a 237
CuKα radiation with a voltage of 37.5 kV and a current of 25 mA at 1 sec/step to obtain 238 the XRD spectra. The RXD data were collected from 6° to 70° 2 at 0. During the soaking period of 2 to 21 days, the weight started to decrease gradually from 262 ~1.08 times to ~1.05 times of the respective initial weight, due to the partial dissolution 263 of geopolymers (including geopolymer gels, unreacted materials, nonreactive materials 264 and crystals), yet no apparent visual degradation on the samples was observed. After 21 265 days, the weight of the RFFG samples stayed nearly constant throughout the rest of 266 soaking period up to 120 days, implying that no further dissolution of geopolymers 267 happened. On the other hand, the weight change of the OPC samples soaked in the 268 sulfuric acid is different from that in the deionized water, as plotted in Figure 2 . During 269 the first 14 days of soaking in the acid and water, the weight of the OPC samples barely 270 14 changed. During longer soaking (i.e., >20 days), the weight of OPCs in the sulfuric acid 271 reduced by ~2% while the OPCs in the deionized water gained about 2% weight. 272 UCS, Young's modulus, failure strain and bulk density of the RFFG samples after 273 soaking for up to 120 days are presented in Figure 3 . As shown in Figure 3 (a) , the 274 average UCS values of the RFFGs did not decrease after soaking for one day, while the 275 average UCS of the OPC samples reduced by about 30% and 10% after one day of 276 soaking in deionized water and the sulfuric acid, respectively. The UCS of the RFFG 277 samples decreased from 10 ± 1.6 MPa to 6.7 ± 1.9 MPa after soaking in the acid solution 278 for 7 days, and maintained around 10.8 ± 0.6 MPa after soaking in the water for the same 279 time period, where 1.6, 1.9 and 0.6 are the respective standard deviations. The UCS of 280 the OPC samples reduced from 9.3 ± 2.8 MPa to 8.5 ± 2.8 MPa and 6.3 ± 4.6 MPa after 281 soaking in the acid and water for 7 days, respectively. After soaking for 28, 56 and 120 282 days, the UCSs of RFFG samples maintained around 6-7 MPa statistically, regardless of 283 the leachants used. This is consistent with the observation that the weight of the RFFG 284 samples barely had further change after soaking for longer than 21 days (Figure 2) . After 285 the long-term soaking of 120 days in the acid, the UCS of the RFFG samples reduced by 286 up to 30% statistically, whereas the statistical UCS loss of OPC was about 14% (from 9.3 287 ± 2.8 MPa to 7.3 ± 1.2 MPa). The slightly higher UCS of OPC after the long-term 288 exposure than that after the short-term soaking might be due to low permeability of OPC, 289 which prevented the samples from further absorbing the liquid or acid, and allowed the 290 further development of strength during the extended curing. It should be noted that the 291 sustained UCS values of the RFFG and OPC samples are statistically similar, although a 292 larger strength loss occurred in the RFFG samples after exposed to the acid and deionized 293 15 water. The failure strain of both the RFFG and OPC samples increased after soaking, as 294 demonstrated in Figure 3 (b). The failure strain of RFFG samples increased from 2.2% to 295 ~3.5-4.0% after soaking in the sulfuric acid for 1, 7 and 28 days, and further increased to 296 ~5% after soaking for longer than 56 days. The change in the failure strain of the RFFG 297 samples soaked in the deionized water was similar except that the samples soaked for 28 298 and 56 days had a lower failure strain. The failure strain of OPC samples increased by ~1% 299 after one-day soaking (from 3.6% to 4.4% and 4.8% in the acid and water, respectively) 300 and did not have any statistically significant changes after soaking for longer periods. 301
Both the RFFG and OPC samples show an apparent decrease in Young's modulus after 302 soaking in the acid and water, illustrating that the stiffness is affected by the acid attack 303 more significantly compared to strength and ductility. The bulk density of the RFFG 304 samples increased from 1.7g/cm 3 to 1.9g/cm 3 after one-day soaking in the sulfuric acid 305 and deionized water due to the absorption of liquids, and decreased to 1.8g/cm 3 after 306 longer soaking. The OPC samples had a higher initial density than the RFFGs and barely 307 showed any change after soaking, regardless of the pH values of the leachants and 308 soaking periods. As illustrated by the unconfined compression testing results, the RFFG 309 samples had similar durability to the control OPC samples after soaking in both the low 310 pH sulfuric acid solution and deionized water. 311
The flexural strength of the prismatic RFFG samples before and after soaking in 312 the sulfuric acid and deionized water is plotted against the soaking time in Figure 4 . The 313 flexural strength of the samples decreased from ~7MPa to ~4MPa after soaking for 1 day 314 and barely reduced further statistically after soaking for longer time periods. The loss of 315 flexural strength in the RFFG samples after 120 days of soaking is about 45%, higher 316 than the UCS loss (~30%), illustrating that the flexural strength of the RFFG samples is 317 more adversely affected by the attack of acid or deionized water. This is due to the 318 different failure mechanisms and induced stresses between three-point bending test and 319 UCS test. For RFFG samples, their flexural strength is mainly governed by the tensile 320 strength. Compared to compressive strength, tensile strength depends more on the 321 binding strength of geopolymer gels. Therefore, although the deterioration of both the 322 flexural strength and UCS of the RFFG samples during the soaking is largely attributed to 323 the partial dissolution of geopolymer gels, the decrease in the flexural strength was larger 324 than the UCS. In addition, the pH values of the leachants for the RFFG and OPC after 325 one-day soaking were both greater than 11. Since residual alkaline solution remained in 326 the samples that were easily dissolved in the soaking solutions, the dissolution of alkali 327 from the RFFG samples can be another reason for the reduction of mechanical strength 328 and Young's Modulus of the RFFG samples after one day's soaking. It also should be 329 noted that the large moisture adsorption of the OPC and RFFG samples during the 330 soaking can be another cause for the decrease of compressive strength, flexure strength 331 and Young's modulus, since mechanical properties of the cementitious materials were 332 inversely related to the moisture content [53] [54] [55] . 333 334
Changes in Microstructure and Mineralogy of Durability Testing Samples 335
The SEM images of the RFFG samples before and after soaking in the sulfuric 336 acid solution and deionized water were compared to reveal the change in their 337 microstructure. Figure 5 shows the SEM images of the RFFG samples soaked for 1 day 338 because the mechanical strength decreased the most during this soaking period, and the 339 micro-morphologies of the RFFG samples soaked longer did not change much afterwards. 340
In the unsoaked sample, the unreacted particles are wrapped and bound with geopolymer 341 gels, where the pores and cavities are observed in the geopolymer matrix, as shown in 342
Figure 5 (a). In the samples soaked for 1 day, the particles are still bound with the gels, 343 while those close to the cavities are loosely compacted, as the fly ash circled in Figure 5  344 (b) and (c). The "geopolymer gel wrapping" appears less apparent in the soaked samples, 345 which qualitatively implies that the leachant might have intruded in the samples through 346 the capillary pores and dissolved the surrounding geopolymer gels. Unfortunately, a 347 quantitative conclusion on the dissolution of geopolymer gels cannot be obtained, since 348
neither an EDX analysis that can quantitatively distinguish geopolymer gels from fly ash 349 nor a quantitative characterization method was available. Other than these, no apparent 350 morphological difference is observed between the unsoaked and soaked samples. were not dissolved by the leachants. However, the hump between 17°-38° 2θ, which is 358 the characteristic XRD pattern of amorphous geopolymer gels, shifted to 15°-32° 2θ after 359 the first day of soaking. This shift implies the partial dissolution of geopolymer gels in 360 the sulfuric acid. This hump gradually narrowed to 15°-30° 2θ after 56 days of soaking, 361
and showed a decrease in intensity after soaking for 120 days, as illustrated by the 362 enlarged view in Figure 6 (b). The XRD spectra of the RFFG samples soaked in the 363 deionized water followed a similar pattern to that in Figure 6 . However, the intensity 364 weakening of the hump from 56 days to 120 days in Figure 7 (b) is less apparent than 365 that in Figure 6 (b) . This elucidates that the partial dissolution of geopolymer gels in the 366 sulfuric acid is slightly more significant than the deionized water. Nonetheless, the 367 slightly higher dissolution of geopolymer gels by the acid did not result in a higher 368 mechanical deterioration for the RFFG samples (Figure 3 and Figure 4) . 369
The partial dissolution of geopolymer gels by the leachants was also confirmed 370 with FTIR characterization, as the FTIR spectra of the RFFG soaked in the sulfuric acid 371 and deionized water for 0, 1, 56 and 120 days shown in with the observation that no apparent difference was observed in the mechanical 418 deterioration from the durability tests between the samples soaked in these two leachants 419 (Figure 3 and Figure 4) . 420 421
Leaching Behavior of Heavy Metals in RFFG Samples 422
The concentrations of leached Fe, As, Cu, Cr and Cd were detected with AA tests 423 as well. Similar to Al, the leached concentration of As from the powder and cylindrical 424 samples soaked in sulfuric acid and deionized water increased with the leaching time, as 425 illustrated in Figure 10 . Note the concentration of As at 168 hours (7 days) in the curve 426 T23-7.0-P and the concentration at 336 hours (14 days) in the curve T80-3.0-P appear 427 abnormally lower than the concentrations of Al leached in shorter periods, which might 428 be resulted from the testing bias and should be considered as outliners. The initial 429 leaching of Arsenic (As) from the powder samples was fast (see Figure 10 powder samples in deionized water barely changed, and As was increasingly leached 434 from the other powder samples. For the cylindrical samples, the initial leaching rate 435 (during the first 72 hours) of As was much lower than the powder samples (see Figure 10  436 (a) and (b)). As the soaking continued, more arsenic was leached from the cylindrical 437 samples and reached a similar level to that from the powder samples. Leached As from 438 the cylindrical samples cured at room temperature was less than 0.7 ppm when the 439 soaking time was shorter than 24 hours, while the concentration increased gradually to 440 1.5-2.0 ppm during the rest of soaking period. As was undetectable in the leachate of the 441 cylindrical samples cured at 80°C during the initial soaking period, as shown in Figure  442 The maximum concentration of heavy metals detected in the leachate during the 452 soaking is presented in Figure 11 . The maximum concentrations of Fe leached from the 453 powder samples are much higher than those from the cylindrical samples, while the 454 
